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Introduction tems and allows analysis of dependent variables ([H+],
The ionic composition of biological solutions, like cytosol, [OH−] and the dissociation state of partially dissociated xylem and phloem saps as well as apoplastic fluids is ('weak') ions including carbonate species) in relation to determined by physical (e.g. gas exchange, transmemindependent variables (concentrations of strong and brane transport, membrane potential ) and chemical (e.g. weak ions, dissociation constants and CO 2 partial presmetabolic conversion, dissociation) processes. Individual sure). Within this concept the influence of strong (fully aspects have been described in detail (Raven and Smith, dissociated) ions is confined to their net unbalanced 1976; Gollan et al., 1992; Peuke et al., 1994) , but an positive charge which is referred to as SID (strong ion integrated approach is required to assess the interaction difference). The SID concept is then applied to memof the different processes involved. The SID concept brane transport processes and ion relations of xylem (Stewart, 1978 (Stewart, , 1981 addresses simultaneous acid-base and phloem sap: simple transmembrane transport of relations of all substances present using physicochemical protons between compartments cannot affect pH on relationships. It is based on conventional laws of chemeither side of the membrane, because rather small deviistry and physics which can be adequately described ations from electrical neutrality results in substantial mathematically. The concerted combination of the underchanges of the membrane potential under natural conlying principles (ion dissociation, gas dissolution, ion ditions. Thus the membrane ATPases as electrogenic exchange, electrochemical laws) has already been applied pumps cannot control the pH of adjacent compartto acid-base control in human blood (Stewart, 1978) . ments, but they energize secondary active transmemHis concept has found wide application in animal sciences brane ion transport that results in pH changes. The SID (Pieschl et al., 1992; Brechue et al., 1994 ; Whitehair et approach is shown to be valid by matching pH values al., 1995) and human physiology (Lindinger et al., 1992 ; calculated from analysis of xylem and phloem saps with Fencl and Leith, 1993; Jennings, 1994) , but attracted actual measured values. Sensitivity analysis based on only limited attention in the plant sciences ( Ullrich and the SID approach allows (1) to detect inconsistency in Novacky, 1990 Novacky, , 1992 Ratcliffe, 1994) . The rigorous determination of composition in the analysed solutions quantitative analysis shows that pH is a dependent variand (2) quantitatively to analyse the influence of ion able and is determined by the independent variables of export or import and variations of pCO 2 on pH and the system: (1) the strong ion difference (SID), which dissociation state of weak acids of complex biological represents the net positive charge on the fully dissociated solutions. The SID concept thus allows the evaluation (strong) ions, (2) the total concentration of weak ions of the contribution of a proposed pH-regulating or (ionizable groups) and (3) the partial pressure of CO 2 . pH-affecting mechanism on a quantitative physicochemical basis.
Thus experiments that measure intracellular or extracellu-directly into a glass capillary to prevent significant evaporation lar pH changes require detailed information on the distri- ( Komor et al., 1989; Baker, 1988) .
bution of all independent variables before a sound conclusion on the cause of pH changes can be drawn. In
Analytical procedures
plants, the chemi-osmotic gradient theory for photosynConcentrations of cations and organic and inorganic anions in thetic ATP synthesis is well established, but in addition the xylem sap samples were analysed by capillary electrophoresis on a Spectra Phoresis 1000 (TSP, Darmstadt) according to to the original model (Mitchell, 1966) it was soon recog- Bazzanella et al. (Bazzanella et al., 1997) . The electrolyte for nized that the substantial pH gradient across the thylakoid cation determination contained 6 mM imidazol (pH 4.5) and membrane, as observed in illuminated chloroplasts, simul-2 mM 18-Krone-6. Separation was performed in a 43 cm long taneously requires ion fluxes for charge compensation capillary (75 mm diameter) at 20 kV at a capillary temperature ( Edwards and Walker, 1983) . The SID concept was of 20°C with 3-5 s injection time. Electropherograms obtained by indirect UV detection at 214 nm were analysed by the TSP successfully applied to this coupled system, and it was data system.
concluded that K+, Mg2+ or Cl− fluxes almost fully
The electrolyte for anion determination contained 7.5 mM compensate for the charge separation due to H+ transport salicylic acid, 15 mM TRIS, 500 mM DoTAOH, and 600 mM and thus allow substantial pH gradients (Good, 1988;  Ca(OH ) 2 . Separation was done on a 76 cm long capillary (inner diameter 75 mm) at −28 kV and a capillary temperature of Hangarter and Good, 1988; Ullrich and Novacky, 1992) .
25°C with 3-5 min injection time.
Furthermore, when evaluating the 'influence' of pH on Concentrations of amino acids were determined by HPLC enzyme activities, it should be expressed more carefully after derivation of primary amino acids with o-phthalic acid as the relationship between pH and enzyme activity, dialdehyde (OPA). The derivatization reagent contained 25 mg considering the substantial changes in other dependent OPA in 500 ml methanol, 4.5 ml 0.8 M borate buffer (pH 10.4), and 50 ml mercaptopropionic acid. Derivation of 35 ml of diluted variables, like the dissociation state of metabolites and xylem sap was performed automatically by the autosampler enzyme proteins (weak acids). Here the SID concept is ( Kontron 465, Kontron, Eching) . Separation was done after applied to proton transport across membranes in general injection of 20 ml on a Hypersil ODSII column ( Knauer, Berlin) and to ion relations in the xylem and the phloem saps in at a flux rate of 0.8 ml min−1 with a step mixing gradient. Detection of separated derivated amino acids was done particular, as these are easily obtained, but nevertheless fluorometrically (SFM 25, Kontron, Eching) with 330 nm relevant complex biological solutions. excitation at 450 nm (emission wavelength). Chromatograms were quantitatively evaluated by a data system ( Kontron, Eching).
Materials and methods

Calculations Plant material
The chemical equilibria for particular data sets were calculated Seedlings of Populus tremula×Populus alba were grown as using the program GEOCHEM-PC ( Version 2.0), kindly described previously (Schurr and Schulze, 1995) . In short, provided by Professor Dr D Parker ( University of California, saplings were transplanted to soil-filled planting pots topped Riverside, California). The program itself has been described with an aluminium lid with a central bore. The plants were elsewhere (Sposito and Mattigod, 1980; Parker et al., 1987 , grown for 6 weeks in a greenhouse before use. Seeds of Ricinus 1995). The original database was extended to data for glutamine, communis var. Carmencita soaked in water overnight were asparagine, c-butyric, and lactic acid ( Table 1) . Stability germinated in wet vermiculite (Heckenberger et al., 1998) .
constants of fixed ionic strength (Martell and Smith, 1976-1989 ) When the seminal root was 3-5 cm long, seedlings were planted were extrapolated to infinite dilution using the Davies equation into the planting pots fitting into the root pressure chamber. (Davies, 1962) as used by GEOCHEM-PC. Values refer to the Plants were grown for 6 weeks at 12/12h light/dark period at following equilibria (M=metal, L=ligand, k=stability con-25°C and 60% relative humidity in a walk-in growth cabinet stant): ( Weiss, Reiskirchen) at a photon flux density of 300 mmol m−2 s−1 at the top of the plants.
a×M+b×t<c×ML k=
For collection of xylem sap, root systems of plants were introduced into a root pressure chamber (Schurr, 1998) .
Values of dependent variables were calculated from independent Pneumatic pressure was applied to the root system with the variables using the spreadsheet programme (LotusTM Version oxygen partial pressure of the gas maintained at ambient partial 5.0). The stability constants were taken from GEOCHEM-PC pressure by mixing pressed air with nitrogen gas. Populus calculations, where the conditional stability constants are saplings were decapitated and root exudate sampled at different corrected for ionic strength. An algorithm searching the flux rates by varying the overpressure at the root system. Xylem minimum of the absolute electrical charge of a solution was sap from intact Ricinus plants was sampled as previously used to calculate the equilibrium pH and based on this pH all described (Schurr and Schulze, 1995) : When the pneumatic other variables were determined. Formation of complexes was pressure in the root chamber increased above compensation not taken into account. pressure, xylem sap exuded at a cut in the midrib of a leaf. Pressure in the root chamber was controlled to keep the hydraulic pressure in the xylem sap at this cut at atmospheric
Results and discussion pressure (Schurr et al., unpublished results) . The xylem was opened at a second site below. This caused a constant exudation Theoretical considerations of xylem sap, which was sampled by a fraction collector.
The ion relations of complex 'systems', like biological Phloem sap was sampled from incisions in the cortex of Ricinus communis plants yielding pure phloem sap collected solutions, is influenced by several mechanisms (ion disso- ciation, dissolution of CO 2 etc.). Only the simultaneous consideration of all mechanism can quantitatively explain the hydrogen ion behaviour (see Appendix for details). In this context, it is necessary to differentiate between 'dependent' and 'independent variables' (Baxley and Moorhouse, 1984; Haimovici, 1979) . The values of the independent variables are imposed on the system from the outside (ion dissociation equilibria, conservation of mass etc) and determine the internal relations within the system. Dependent variables (dissociation state of buffers, pH, dissolved CO 2 ) are internal to a system, depend on the independent variables and can not be set arbitrarily. The correlation between the individual dependent parameters originates from the simultaneous determination by the independent variables, while the independent variables do not affect each other.
In pure water, the proton concentration is defined by its own dissociation constant (the ion product of water) in combination with the requirement for electrical neutrality (see Appendix for details). In an aqueous solution containing fully dissociated ions (e.g. K+, NO− 3 ) the requirement for electrical neutrality has to be fulfilled for these ions as well as for water. The net positive charge is called the strong ion difference [SID] which also lent its name to the concept in general. Put simply, whenever , where the proton concentration approxiotherwise unbalanced addition of x moles of an anion, rather than to the addition of available protons. The mates the square root of the ion product of water. In this [SID] range the pH scale exhibits a substantial change corresponding increase in proton concentration is due to the recruitment of protons from water to maintain elec- (Fig. 1B) , which does not reflect the actually gentle change of proton concentration. The symmetry of the pH titratrical neutrality. This means that in alkaline solutions (e.g. cytosol ) the changes in [SID] and [OH−] are several tion curve suggests that the proton concentration behaves in much the same way in either acid or alkaline solutions, orders of magnitude larger than changes of [ H+] (Figs 5, 6, 8) . which is clearly not the case (Fig. 1A) . In contrast, [ H+] Weak electrolytes are important for all biological solutions and forms dissolved CO 2 (d ), free carbonic acid (H 2 CO 3 ), bicarbonate (HCO− 3 ), and carbonate (CO2− 3 ). tions and are traditionally referred to as 'buffers'. These introduce another set of variables (total weak acid conThe concentration of CO 2 (d) is governed by the partial pressure of CO 2 ( pCO 2 ), which is the independent varicentration, A tot ) and parameters (weak acid dissociation constant) that need to be considered. Including weak able. For simplicity, dissolved CO 2 and free carbonic acid are combined as H 2 CO* 3 . After combining these CO 2 electrolytes results in a fourth order polynomial (see Appendix), which relates the proton concentration to the equilibria with the water and the weak acid dissociation equilibrium, the conservation of the total mass of the ion species in the solution (Fig. 2) .
The pH-scale can be misleading as well. Adding a weak weak acid and the electrical neutrality, the behaviour of dependent variables in a system containing strong ions acid to a solution of [SID]=0 results in a much lower pH than in simple strong ion solutions (compare Fig. 1 ).
[SID], and a single weak acid [A tot ], and which is in equilibrium with CO 2 (the independent variables) can be Increasing [SID] , e.g. by adding NaOH, to half the concentration of the weak acid added ([A tot ]/2), results quantitatively analysed. Seven dependent variables, namely in a pH at the maximal buffering capacity (indicated by the low slope of the pH curve in Fig. 2 by taking into account all relationships simultaneously. Any one of the dependent variables can be changed
The SID concept will now be applied to a number of exclusively by changing the independent ones, and this biologically important situations and the determinants of will always affect all dependent variables to some degree.
proton concentration in these solutions quantitatively The dependent variables are thus correlated to each other, evaluated. In order to cope with more complex biological but they never determine each other. For example, it is solutions (xylem and phloem saps, cytosolic fluids) the not appropriate to say that changes of [ H+] Electrical neutrality implies an isolated system like a determined by considering all equilibria simultaneously. beaker or pot. However, living plant cells typically have CO 2 is a major determinant of pH in biological solua electrical potential difference across the plasma membrane of −50 to −150 mV (Nobel, 1991; Ullrich and Novacky, 1990) , reflecting the fact that the negative charges inside plant cells exceed the positive ones. Nevertheless, this surplus of negative charge is minute both in absolute terms and in relation to the overall charges present in plant cells (Allen and Raven, 1987; Nobel, 1991) . The membrane potential can be incorporated into the SID concept considering appropriate pCO 2 and intracellular metabolite concentrations. The relationship between the membrane potential and the extra negative charge is given by
with DE=membrane potential, r=cell radius, c=uncom- 1991). For calculation, three weak acids were considered as specified Table 2 , which results in a buffering capacity bolic activity, a closer look reveals that the capacity of simple proton extrusion is minute: considering typical of 24 mmol H+ l−1 pH−1 at pH 7.26. As the three buffers differ in pK a and concentration the buffering capacity cells (internal buffers, CO 2 ) as specified in Table 2 the extra negative charge generated by an enforced action of was obtained by determining the change of SID required to alter the original cytoplasmic pH by only 0.1 unit. As the H+-ATPase (proton pump) would amount to about 2.4 mmol l−1 in order to change the cytoplasmic pH by opposed to the conventional approach, where the buffering capacity is pre-set ( Walker and Smith, 1977;  as little as 0.1 units. However, this would result in a unrealistic membrane potential of several hundred V (not Guern et al., 1982) , the SID concept allows the consideration of a large number of 'buffers' of different pK a and mV ). Only cells deprived of their internal buffers and of CO 2 would change their pH within the normal membrane concentration, which ultimately results in the familiar, pH-dependent buffering capacity of xylem sap (Gollan et potential range. Even very small deviations from electrical neutrality have serious consequences for the membrane al., 1992), cytoplasmic and vacuolar fluid (Takeshige and Tazawa, 1988) by evaluating all dissociation equilibria potential ( Table 2) , which means that within the membrane potential relevant for (plant) cells the translocation simultaneously (see Figs 3, 4) . The buffering capacity of 24 mmol H+ l−1 pH−1 represents the low end of the of protons has no consequence for cytoplasmic (and external ) pH. An earlier analysis using a more convenrange observed ( Kurkdjian and Guern, 1989) in order not to underestimate the impact of the membrane potentional approach ( Walker and Smith, 1977) reached the same conclusion. In the context of the SID concept, tial on intracellular pH. For the same reason a small cell diameter was chosen, since the impact of the membrane whenever pH changes are observed within or outside living cells, independent variables like SID, pCO 2 or A tot potential on the intracellular pH is higher in small cells ( Walker and Smith, 1977; Guern et al., 1982) . The have changed. In most situations [SID] changes as a result of strong ion movements across the plasma memcalculated charge distribution and the corresponding pH for a model plant cell is presented in Table 2 .
brane (Stewart, 1983) . Proton and strong ion movement are strictly coupled via its impact on the membrane The membrane potential is energized by the plasma membrane ATPase in plant cells (Spanswick, 1981;  potential (Nobel, 1991) . It has been pointed out that 'micromolar concentrations of K+ are high enough to Serrano, 1989) . Occasionally it has been discussed in terms of pH regulation itself (Bertl and Felle, 1985;  release the [proton] pump from voltage inhibition created by its electrogenic activity' ( Kurkdjian and Guern, 1989) . Mathieu et al., 1986; Marré et al., 1988) . Although at first glance it sounds convincing to assume that the
The SID concept provides a valuable tool for designing experiments on the stoichiometry of ion uptake at the ATPase can excrete excess protons generated during meta- The following assumptions were made: Spherical cells, 10 mm cell diameter, 100 mmol l−1 cations, anions as required to start at pH 7.26 for the individual data sets. Weak acids: 20 mmol l−1 phosphate (pK a =7.2), 40 mmol l−1 histidine buffer (pK a =6.5) and 50 mmol l−1 amino buffer (pK a = 9.7) were applicable. (Carrodus and Triffett, 1975; Eklund, 1990 have frequently been documented (Stiles, 1960) . Therefore, values of 0.32-3.2 vol-% CO 2 ( pCO 2 =320-3200 Pa) were included, which correspond to 10-100-times the atmospheric CO 2 level, in the calculacalculated pH, assuming a pCO 2 of 320-3200 Pa (see tions of xylem sap from stems of young Populus ( Table 3) above), agrees well with the measured pH, again particuand Ricinus plants (see below). Table 3 shows that the larly at the beginning of the experiment. calculated pH (considering a 10-times ambient CO 2 level ) The authors do not recommend calculating the pH of for the xylem sap of Populus plants agrees well with the xylem saps rather than measuring it, since the latter is measured pH ( Table 3) , particularly at the beginning of certainly much easier. However, the SID concept may be the experiment. The deviation at the end of the experiused (1) to check the completeness of the analytical data ments might be due to as yet undetermined constituents ( Frischmeyer and Moon, 1994; Oster et al., 1988) and of the root exudate or to analytical error (see below).
(2) to quantify the sensitivity of concentrations of protons Xylem sap from intact Ricinus plants was sampled with and other ion species to variations of the solution-an a root pressure chamber (Schurr, 1998) , and the calcuapproach that can be used to evaluate the significance of lated and measured pH values are included in Table 4. proposed mechanisms on a quantitative basis. For The measured pH is rather stable during the time-course, example, starting from the given xylem sap composition while the calculated pH values tend to increase with time in Ricinus ( Table 4) , it is possible to investigate how (except for the 5th time interval ). The reason for this sensitively the pH, the concentration of various carbonate species and the dissociation state of various weak acids behaviour could not be identified, but apparently the ( Fig. 4) . The response of the phosphate species or pCO 2 .
(1) Selective ion transport into or out of the xylem will affect ion relations inside the xylem sap. When is particularly informative. In a more conventional approach the addition of potassium (increases [SID]) K+ is selectively removed, [SID] decreases, while removal of NO− 3 has the opposite effect. H+ concentration would be discussed as a partial neutralization of the H 2 PO− 4 ion, ignoring CO 2 and the other 20 organic increases rapidly as [SID] falls below 0.05 mmol l−1 (Fig. 3A) , and changes in pCO 2 affect pH less at high compounds involved (Table 4) . In order to maintain electrical neutrality after an increase of [SID] by, for [SID] values. The semi-log pH plot in Fig. 3B gives a rather different impression and basically represents a example, selective import of K+ or removal of NO− 3 , the system adjusts by additional negative charges from titration curve. Here the influence of pCO 2 seems to be larger at high [SID] values. At the measured [SID] of dependent variables like dissolved carbonate and the dissociation state of water and weak acids. The actual 0.14 mmol l−1 a 10-fold rise from the normal pCO 2 level lowers the pH from 6.5 to about 6.3.
changes of H+ and OH− are minute (Fig. 4) , and HCO− 3 is only of moderate importance. Phosphate ions The analysis using the SID approach makes it possible to address the question of how the dependent variables are quantitatively most significant, since their changes are several orders of magnitude larger than those of H+. of the system respond to changes of [SID] on a quantitative physicochemical basis (Stewart, 1983; Ullrich and Increasing pCO 2 raises the proton concentration, and this effect is particularly strong at low [SID] values Novacky, 1992): An increasing [SID] has no influence on pH for the xylem sap of ammonium-grown Ricinus plants, while in other studies (Allen and Smith, 1986; Zornoza and Carpena, 1992 ) no substantial differences have been found. Occasionally even higher pH values in the xylem sap of ammonium-grown plants have been observed (Rö mheld et al., personal communication) . With the background of the SID concept it is possible that these discrepancies are due to differences in the [SID] in the xylem, for example, due to variations in other nutritional aspects.
Analysis of the pH effects on the basis of the SID concept have analytical limitations as (1) the data set must be complete and (2) common analytical uncertain- particularly in solutions of low buffering capacity as xylem fluids ( Table 5 ). The xylem sap of Populus and Ricinus plants was used as a reference model, and the ( Fig. 5A) , while the semi-log pH scale gives a different consequence of a 5% error in the analytical determinations impression of the same process (Fig. 5B) . Looking at the of anions, cations and amino acids was evaluated. As concentration of carbonate and phosphate species indicated in Table 5 , even these moderate analytical (Fig. 6) , H 2 CO* 3 concentration increases linearly with errors, which are certainly within the limits of routine pCO 2 (equation 6). Its dissociation into HCO− 3 results in analytical procedures, result in considerable deviations of extra negative charge (equation 7), which again is mainly the calculated pH. Nevertheless, sensitivity analysis at a compensated for by the reduction of the double negatively given composition gives valid results. charged HPO2− 4 at the expense of H 2 PO− 4 ( Fig. 6 ). Significant variations of pH in the rooting media, Phloem nutrient solutions and in the xylem sap have been reported in response to the form of N nutrition. While ammonium Phloem sap differs significantly from xylem fluids as (1) it is a much more concentrated solution, (2) has a high nutrition consistently caused a strong acidification and nitrate nutrition a moderate alkalization in the rooting pH (often around 8) and (3) contains a large number of important ionic metabolites (amino acids etc.) at high media (Dijkshoorn, 1962; Kirkby and Mengel, 1967; Raven and Smith, 1976; Marschner and Rö mheld, 1983) , concentration ( Table 6 ). Consequently phloem sap has a much higher buffering capacity, which makes the calculaconsiderable discrepancies were found in the effects on xylem sap pH: Allen and Raven (1987) reported a lower tions more stable against analytical errors. CO 2 levels Table 3 , second column (pressure 3×105 Pa) for composition. b see Table 4 , first column (time interval 21.30-22.40) for composition. bear significant consequences for the pH of the phloem sap ( Fig. 9) , since the dissolved carbonate species substansubstantial to cause a certain change in phloem pH ( Fig. 8 ) than in the xylem sap ( Fig. 3) , due to the higher tially contribute to the charge balance at alkaline pH (Fig. 8B) . A positive relationship between the calculated concentration of weak acids in the phloem sap ( Table 6) . When [SID] is varied around its original values and observed pH was obtained ( Fig. 7) , and the r2 indicates that about 50% of the observed variation can (72 mol l−1), the proton concentration is reduced with increasing [SID] (e.g. K+ uptake) particularly at higher be explained by the variation of [SID] . The mean pH calculated for 10 to 100-times atmospheric CO 2 is 8.2 to CO 2 concentrations (Fig. 8A) . In order to maintain electrical neutrality the phloem solution generates negative 7.5 ( Table 6) , and thus close to the actually measured pH and in agreement with reported values ( Tammes and van charges in accordance with all dissociation equilibria considered simultaneously (Fig. 8B) . In contrast to the Die, 1964; Hall and Baker, 1972; Schurr et al., unpublished results) .
xylem sap, this is hardly accomplished by changing the dissociation state of phosphate, but merely by increasing Due to the high buffering capacity of the phloem sap and the high concentration of physiologically important levels of bicarbonate, carbonate and by increasing the dissociation of amino acids, among which glutamine is metabolites, the consequences of selective ion removal (variations of [SID] ) and different pCO 2 levels are particuthe most important. As compared to the changes of these ions the contribution of changes of the proton concentralarly rewarding. The change of [SID] has to be more tion (Fig. 8A) is minute due to the high pH, and even ( Fig. 9 ) as well as numerous other amino acids (not shown) with pK a values close to the pH of phloem saps the increase of the hydroxide concentration (not shown) does not significantly contribute to the charge balance. (Martell and Smith, 1976-1989) . Impact of pCO 2 on the proton and ion species concentration of phloem sap is significant, due to the high SID Conclusions values, pH and solubility of CO 2 ( Fig. 9) . At the actual SID value found (72 mmol l−1) the calculated pH for The SID concept is based on fundamental laws of physical chemistry and provides a quantitative approach to acidpCO 2 =320 Pa is around 8.4, which is close to what has been observed or reported in literature (8-8.2 Tammes base equilibria, which allows alterations of dependent variables (dissociation state of weak ions, carbonate species, and van Die, 1964; Hall and Baker, 1972) . The average observed pH was only 7.7 (see Fig. 7 ), which agrees with
[H+], [OH−]) to be discussed in terms of changes of independent variables ([SID], total concentration of weak the reports of Allen and Smith (1986) . Anions generated by the system to maintain electrical neutrality in response ions, pCO 2 ). By incorporating the membrane potential in this concept it could be illustrated that proton movement to rising CO 2 levels are mostly bicarbonate and Gln− Table 6 ).
mechanisms with respect to pH homeostasis even of complex solutions like xylem and phloem saps.
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